The orientation-dependent structural properties of Zn 1−x Mg x O nanorods with different Mg concentrations were investigated quantitatively using polarization-dependent extended X-ray absorption fine structure (EXAFS) measurements at the Zn K edge. Vertically-aligned Zn 1−x Mg x O nanorods were synthesized on Si substrates using catalyst free metal organic chemical vapor deposition. Polarization-dependent EXAFS measurements showed that Mg ions mainly occupied the Zn sites of the nanorods. EXAFS revealed that the distance between Zn-Mg pairs in all directions is ∼ 0.2 Å shorter than that of Zn-Zn pairs and that there is a substantial amount of disorder in the Mg sites of the nanorods, independent of Mg concentrations.
INTRODUCTION
The fundamental properties of ZnO nanorods and also their practical applications in nanodevices have been investigated intensively. The band gap of ZnO can be increased or decreased by alloying with Mg or Cd, respectively. [1] [2] [3] The solubility of Mg in ZnO is approximately 50% and the band gap can be changed from 3.3 to 4.0 eV without a structural phase change.
1 Zn 1−x Mg x O (ZnMgO) nanorods with a controllable band gap provide great opportunities to investigate nanorods for quantum nanodevice applications with quantum well structures. Park et al. reported on the quantum confinement effect in ZnMgO nanorods. 4 However, the blue-shift of optical band gap of ZnMgO is still unclear and there has been some controversy. Some research groups ascribed the blue-shift of the band gap to the change of lattice constants because the lattice constant c of ZnMgO linearly decreased with increasing concentrations of Mg. 1 However, other studies argued that the blueshift is originated from an amorphous phase in ZnMgO. 5 Since the chemical valence state of Mg is generally +2, Mg ions may occupy the Zn sites of ZnO. The occupation * Author to whom correspondence should be addressed.
of Zn sites by Mg ions in all likelihood affects the structural distortion seen in Mg-added ZnO nanorods. The local structural properties around the nanorod impurities, i.e., the Mg ions, are the key to understanding the band gap changes of the Mg-added ZnO nanorods. Polarization-dependent extended X-ray absorption fine structure (EXAFS) 6 7 is used to determine the orientation-dependent local structural properties of ZnMgO nanorods at the Zn K edge because the Mg K edge energy (1.305 keV) is too low for detection by using regular EXAFS. Mg substitution at oxygen or Zn sites of ZnO can be detected by EXAFS at the Zn K edge because the ionic radius of Mg differs from those of O and Zn atoms.
EXPERIMENTAL DETAILS
Vertically-aligned ZnMgO nanorods were fabricated on Si(100) substrates using a catalyst-free metal-organic chemical-vapor deposition (MOCVD) method. Diethylzinc (DEZn) and bis-cyclopentadienyl magnesium (Cp 2 Mg) sources were used as the precursors of Zn and Mg, respectively. Oxygen with purity of 99.999% and argon with purity of 99.999% were used as the reactant and carrier gases. The flow rates of DEZn and oxygen were controlled with mass-flow-controllers in the range of 1-10 and 30-100 sccm, respectively. The Cp 2 Mg flow was changed from 3 to 15 sccm for different Mg concentrations. The substrate temperature was kept in the range of 500-600 C. Scanning electron microscope (SEM) measurements showed that the ZnMgO nanorods are uniform and vertically-well aligned, as shown in Figures 1(a) and (b). The mean diameter and length of the nanorods were ∼ 80 nm and 1 m, respectively. The fabrication details of ZnMgO nanorods are published elsewhere. 8 Polarization-dependent EXAFS measurements on ZnMgO nanorods were performed with a fluorescence mode at Zn K-edge (9659 eV) by selecting incident X-ray energy with a three-quarter tuned Si(111) double monochromator at 3C1 beamline of Pohang Light Source (PLS) at room temperature. For the polarization-dependent EXAFS measurements, the electric field vector of the incident X-rays was fixed parallel and perpendicular to the nanorod length.
RESULTS AND DISCUSSION
X-ray absorption near edge structure (XANES) is sensitive to the chemical and local structural properties of a probe atom. Figure 1 shows polarization-dependent XANES near the Zn K edge from ZnMgO nanorods. The XANES demonstrates that there is a small change with different Mg concentrations near the absorption edge peak (white line). The deviation is related to the local structural changes due to Mg impurity. The detail local structures can be determined by analyzing the small oscillations (EXAFS) above the X-ray absorption edge. 6 7 EXAFS data was analyzed with IFEFFIT package 9 using standard analysis procedures. 7 After the atomic back ground function was determined using AUTOBK (part of IFEFFIT package), EXAFS data were obtained in k-space, photoelectron wave vector. The EXAFS data in k-space were Fourier transformed to the r-space for further analysis, as shown in Figure 2 . For the Fourier transformation, the EXAFS data in the k-region of 3.0-11.0 Å −1 only was used to minimize errors.
In Figure 2 (a), the first and second peaks are mainly contributed by one oxygen (O(1)) located just above a zinc atom along the c-axis and six zinc atoms (Zn(1)) located 55 degree off from the ab-plane, respectively, whereas in Figure 2 (b) the first and second peaks correspond to three oxygen (O(2)) and six zinc (Zn (2)) atoms in the abplane, respectively. The two sets of polarization-dependent EXAFS data were simultaneously fitted with same parameters to EXAFS theoretical calculations obtained using the The fitting was started with a fully occupied wurtzite structure model, assuming only oxygen, zinc, and magnesium in the nanorods. In the fit, we varied the bonding length, disorder ( 2 , including thermal vibration and static disorder) and coordination number of each atomic shell. The fit details of polarization-dependent EXAFS data for disordered systems have been published elsewhere. 7 We first examined the location of Mg ions. No satisfactory fits were obtained using a model of Mg substitution in the oxygen sites, dashed lines in Figures 3(a) and (b) . The fits confirmed that no Mg ions are placed in the oxygen sites of the ZnMgO nanorods.
Satisfactory fits were obtained using a model of Mg substitution for the Zn sites, solid lines in Figures 2(c) and (d)  and 3(a) and (b) . In the fits, we used two different models. For model I, the fit parameters (bond length, 2 , and coordination number) of Zn-Mg pairs were fixed to those of Zn-Zn pairs, so that the bond length and 2 of Zn-Mg pairs are the same as those of Zn-Zn pairs. In model II, the parameters of Zn-Mg pairs were varied independently from those of Zn-Zn pairs. In Figures 3(c) and (d), the dashed-dotted and solid lines are the best fits using the model I and II, respectively. Both fits are quite good and undistinguishable. A better fit can be determined with the R-factors and reduced-2 s ( 2 of fits. 16 The fit goodness values of all specimens for the two models are summarized in Table I . The fit goodness values show that the R-factor and 2 for the model II are smaller than those for the model I for all specimens, implying that the model II is better than the model I. Based on the fit goodness values, we concluded that Mg ions were mostly substituted for the zinc sites and that the bond length and disorder of Zn-Mg pairs were different from those of Zn-Zn pairs. Figures 2(c) and (d) demonstrate representative data from Zn 0 9 Mg 0 1 O nanorods and the best fits with the model II. In order to determine the Mg concentration, the total coordination number of the zinc site was fixed and only Mg concentration ratio was varied, such as, Mg and Zn concentrations of x and (1 − x) , respectively. The fits show that the Mg concentration x increased linearly as the Mg flow rate increased. This finding corresponds well to earlier works. 1 8 The Mg concentrations in the nanorods determined by the best fits of EXAFS data are summarized in Table I .
The results of the EXAFS data fits (Table II) demonstrated that the bond length of the Zn-Zn(1) pairs decreased linearly whereas the bond length of the Zn-Zn (2) (4) is the origin of the blue-shift observed from crystalline 4 and amorphous 6 ZnMgO systems.
CONCLUSION
Polarization-dependent EXAFS measurements of vertically-aligned ZnMgO nanorods demonstrated that the impurity Mg ions were mainly substituted in the Zn sites of ZnMgO nanorods. EXAFS revealed that the bond length of Zn-Mg pairs was shorter than that of Zn-Zn pairs in all directions and that the bond length of Zn-Zn pairs along the c-axis decreased as the Mg concentration increased. There was a substantial amount of structural disorder in Mg sites, comparing with Zn sites. EXAFS demonstrated that the origin of the blue shift in a neutral-donor bound exciton peak of ZnMgO systems is the average bond length decrease of atomic pairs due to impurity Mg ions.
